Eugenia jambolana, commonly known as 'jamun' or Indian blackberry, is an important source of bioactive compounds. All parts of the plant like stem bark, leaves, flower, fruit pulp and seeds are traditionally used for many diseases. Metabolite profiling in medicinally important plants is critical to resolve the problems associated with standardization and quality control. Metabolite profiling of the fruit pulp of Jamun was performed by NMR, HPLC, MS, GC-MS and MALDI-TOF mass spectrometry. These hyphenated techniques helped in the identification of 68 chemically-diverse metabolites of the fruit pulp. These include anthocyanins, anthocyanidins, sugars, phenolics and volatile compounds. Five extracts of fruit pulp were prepared i.e. hexane, chloroform, ethylacetate, butanol and aqueous methanolic. Twenty-five metabolites identified and quantified in the n-butanol and aqueous-methanolic extracts of ripe jamun fruit by qNMR. LC-PDA-MS and MALDI-TOF spectrometry helped in deciphering thirty-nine metabolites out of which thirteen were quantified.
Eugenia jambolana Lam. (syn. Syzygium) cumini (L.) Skeels; S. jambolanum (Lam.) DC; Eugenia cumini (L.) Druce; Family: Myrtaceae), commonly known as Indian blackberry/jamun/Java plum/black plum, is a plant native to India. It is one of the important medicinal plants in Ayurveda and possesses a number of nutraceutical and pharmaceutical applications. Jamun is an evergreen plant producing oblong or ellipsoid fruits (berries) which are green when raw and purple black when fully ripe ( Figure 1 ). The ripe fruits are sweet sour to astringent in taste and are used to prepare health drinks, wines, juices, squashes and jellies [1] [2] . Various extracts prepared from different parts of the plant are reported to possess a range of pharmacological properties such as antibacterial, antifungal, antiviral, anti-genotoxic, astringent, antidiuretic, cholesterol reduction, antiscorbutic, anti-inflammatory, anti-ulcerogenic, cardioprotective, anti-allergic, anticancer, chemopreventive, radioprotective, free radical scavenging, antioxidant, hepatoprotective, anti-diarrheal, hypoglycemic and antidiabetic [3] [4] [5] [6] [7] [8] [9] [10] . Although every part of this species is used in one way or another, only limited studies are reported on the characterization of metabolites of the fruit. The chemical constituents of fruit pulp include carotenes, nonanthocyanic phenolic compounds (myricetin, dihydromyricetin, dihydroquercetin and their glycosides, gallic acid and its glucosidic esters), organic acids and anthocyanins (delphinidin-3,5diglucoside, cyanidin-3,5-diglucoside, petunidin-3,5-diglucoside, peonidin-3,5-diglucoside and malvinidin-3,5-diglucoside) [2, [11] [12] [13] . There are no reports on exhaustive chemical profiling and quantitative analysis of fruit pulp of E. jambolana. A review [14] recounts that isolated purified compounds generally showed less activity than its multi-component extracts. Further, the use of herbal medicinal extracts for treating many common diseases or in adjuvant therapy is gaining popularity as it could regulate the health effect through complex, multicomponent and multi-targeted interactions [15] . The current trend is on standardization of plant extracts and their products using one or more marker constituents. However, the primary and secondary metabolite content is highly variable in different species of the same genera and even in the same species collected from different geographical and climatic zones. Therefore, standardization by quantification of one or two selected markers may not be an effective strategy for quality control of herbals. Hence, a prerequisite for any herbal formulation is a comprehensive metabolic profiling and quantitative analysis of the plant and its different parts. Three recent reviews compiled the list of chemical constituents reported to date from different parts of jamun [16] [17] [18] . In a previous study, some anthocyanins, carotenoids and non-anthocyanic phenolic compounds were identified in enriched extracts prepared from fruit pulp of E. jambolana collected from Rio Grande do Sul, Brazil using HPLC-DAD-MS/MS [11] . In the present study, sixtyeight metabolites were identified and thirty-nine quantified from nhexane, ethylacetate, n-butanol and aqueous-methanolic extracts of fruit pulp of jamun using qNMR, HPLC, Mass and GC-MS and MALDI-TOF mass spectrometry.
We have earlier reported promising anti-cancer activity of the fruit pulp [19] and quantification of three anthocyanins using qNMR, HPLC and HPTLC [20] [21] . The objective of the present investigation was the complete metabolite profiling of the primary and secondary metabolites in fruit pulp of E. jambolana.
Qualitative and quantitative analysis by 1 H NMR spectroscopy. Metabolite analysis of aqueous-methanolic extract:
The 1 H NMR spectrum of the aqueous-methanolic extract is shown in Figure 2 . The total 1 H spectrum of the methanol extract may be fractioned into three major parts; the δ 9.6-6.0 region is indicative of polyphenols and aromatic compounds, δ 6.0-3.6 indicates a variety of sugars/glycosides, and the remaining spectrum shows amino acids and other aliphatic compounds. A sharp singlet at δ 9.55 is a distinguishing feature of 5-hydroxymethylfurfural. [20] . Signals in the region indicated the presence of flavonoids and other polyphenolics. The carbohydrate region at δ 3.3-3.9 in the spectrum is highly congested making it difficult to identify individual compounds. However, this congested region with high integral value suggested the presence of a large amount of sugars/glycosides in the extract. The appearance of doublet signals at and4.53 is a feature of αand β-anomers of glucose. Signals at δ 4.23 and δ 4.19 can be assigned to malic acid and tartaric acid, respectively. 1 H signals at δ 3.97 and δ 4.01 indicated the presence of αand β-fructose. A sharp low intensity dd signal at δ 5.11 -5.12 was indicative of trehalose. A signal with a small integral value at δ 5.38 indicated the presence of raffinose in the extract [22] [23] [24] [25] . The appearance of dd signals at is due to β-CH 2 protons of asparagine. A distinguishing doublet signal at δ 1.38 is identified as the methyl group of alanine (Table 1 ) [26] [27] . The presence of metabolites such as glucose, fructose, trehalose, asparagine and alanine was confirmed by HPLC by spiking with authentic samples (detailed chromatographic conditions and Figures S1 and S2 are given in supplementary information).
Metabolite analysis of n-butanol extract:
The 1 H NMR spectrum of the n-butanol extract is presented in Figure 3 . The δ 6.1-7.5 region of the spectrum is indicative of aromatic organic acids and amino acids, δ 3.4-5.5 indicates a variety of sugars and δ 0.8-3.3 corresponds to amino acids. Doublet signals at δ 6.31, 6.41 and 7.42 and a singlet at δ 6.64 indicated caffeic acid, fumaric acid, tryptophan and trans-aconitic acid, respectively [22] [23] . The carbohydrate region at δ 3.3-3.9 is only indicative of the presence of a large amount of sugars in the n-butanol extract. The doublet signals at J = 8.0 Hz) and4.53 (J = 4.0 Hz) showed αand β-anomers of glucose, respectively. Doublet signals of β-galactose appeared at δ 4.48. Two signals at δ 3.97 and δ 4.01 were due to αand β-fructose respectively. Sugars such as sucrose, raffinose and mannose are also present, but in low abundance in the extract; the signals of these compounds appeared at δ 5.40, δ 5.38 and δ 5.19, respectively. A multiplet at δ 2.65 is due to methionine. The doublet signals at δ 0.96 and δ 0.99, and the triplet signal at δ 0.94, indicated the methyl group of leucine, valine, and isoleucine, respectively. The signals from asparagine and alanine were also observed ( Table 1) [24] [25] [26] [27] . The presence of glucose, fructose, galactose, mannose, raffinose, alanine, valine, methionine, leucine, isoleucine and tryptophan was confirmed by HPLC spiking with authentic samples (detailed chromatographic conditions and Figures S3 and S4 are given in supplementary information).
Metabolite analysis of chloroform and ethyl acetate extract:
The 1 H NMR spectrum of the chloroform extract was not able to provide any fruitful information about the chemical constituents, but that of the ethyl acetate extract showed signals in the region δ 6.2-8.2 indicating the presence of flavonoids such as kaempferol (δ 8.1), quercetin (δ 7.7) and myricetin (δ 7.4) ( Figure S5 given in supplementary information). Plants usually contain a large number of structurally similar flavonoids in small amounts thereby making it difficult to identify and quantify these compounds in crude extracts using NMR spectroscopy. The presence of these compounds in the extract was confirmed by MALDI-TOF-MS.
Metabolite analysis of n-hexane extract:
The 1 H NMR spectrum of the n-hexane extract showed signals at t)to  0.92 t) for terminal methyl protons of fatty acids and long chain hydrocarbons. The appearance of intense signals at sand (s) represented the methylene protons in the chain. The methylene protons adjacent to a double bond or more electronegative groups appeared downfield. The signals at  2.05 (t) and  1.62 (m) represented the protons at the  and position of the carboxyl group of fatty acids. The double doublet (dd) signals at  4.05-4.28 can be ascribed to triacylglycerols (TAG). The signals at  5.05-5.70 suggest the presence of unsaturated fatty acids. ( Figure S6 given in supplementary information). Mean values ± SD (n=3) of mg/g of dry weight of extracts a found in both aqueous-methanol and n-butanol extract (combined amount in both extracts). b found in n-butanol extract . c found in aqueous-methanol extract.
Qualitative and quantitative analysis by GC-MS Volatile constituents:
The volatile oil after dilution with DCM was subjected to GC-MS for identification of the constituents present in the fruits of E. jambolana. Although the yield is quite low, eight monoterpenes could be identified in the extract ( 
Qualitative and quantitative analysis byLC-PDA-MS and MALDI-TOF-MS:
The aqueous-methanolic extract was subjected to LC-PDA-MS and MALDI-TOF-MS for qualitative and quantitative analyses of primary and secondary metabolites. Table 3 demonstrates the chromatographic and mass spectrometric characteristics of anthocyanins, anthocyanidins, flavonoids, phenolic acids and stigmasterol from the fruit pulp of E. jambolana. The anthocyanin composition of E. jambolana was discernible by the presence of different aglycones and their diglucosides. In all anthocyanins, the hexoses were designated as glucose [2] . It was reported earlier that anthocyanin aglycones are glycosylated at position 3 (delphinidin-3-gentiobioside, malvidin-3-laminaribioside and petunidin-3-gentiobioside) [30] [31] . However, later studies showed (by NMR spectroscopy) glycosylation at two positions i.e. 3 and 5 [13] . [11] . In this case, loss of 204 amu corresponds to acetyl hexose [32] . Furthermore, acylated anthocyanins eluted after their corresponding non-acylated anthocyanins from the reverse phase column. In addition, the diglucoside eluted earlier, followed by their corresponding monoglucosides and aglycones ( Figure S7 given in supplementary information).
The major anthocyanins found were malvidin-3,5-diglucoside (41%), petunidin-3,5-diglucoside (28%) and delphinidin-3,5diglucoside (22%); minor anthocyanins were cyanidin-3,5diglucoside (7%) and peonidin-3,5-diglucoside (2%) of total anthocyanins present in fruit pulp of jamun. These quantitative results are not coherent with previous studies [11] of jamun, where major anthocyanins were delphinidin 3,5-diglucoside (45%), petunidin 3,5-diglucoside (32%) and malvidin 3,5-diglucoside (15%). In other reports [2, 12, 13, 33] , major anthocyanins in jamun fruits were identified as delphinidin 3,5-diglucoside (23-33%), petunidin 3,5-diglucoside (32-35%) and malvidin 3,5-diglucoside (21-38%). These variations between our results and previous reports may be due to collection from different geographical regions (different climate) or different degrees of ripening of fruit. may be due to malvidin-3-(6′′-acetoyl)glucoside-5-glucoside, cyanidin 3-(malonoyl)-glucoside-5-glucoside or cyanidin 3-(6′′-malonoyllaminaribioside). All these anthocyanins were tentatively identified by comparison with previously published data from other plants [34] . This is the first time that these anthocyanins have been observed in E. jambolana.
The other non-anthocyanin phenolic compounds are shown in (Table 3) Figure 4b and chromatographc and spectral features of these compounds are given in Table 3 )
ESI-MS/MS analysis:
ESI-MS/MS confirmed the presence of nineteen metabolites which were already identified by LC-ESI-MS and MALDI-TOF-MS. MS/MS analysis showed that five anthocyanidins present in the extract are glycosylated at positions 3 and 5. The presence of anthocyanidins and their monoglucosides, which were detected in lower amounts, was confirmed by ESI-MS/MS. Peak at m/z 965 and its MS/MS fragments at m/z 803 confirm the presence of cyanidin-3-(p-hydroxybenzoyl)(oxaloyl) , which was assigned either to malvidin-3-(6′′acetoyl)glucoside-5-glucoside or cyanidin 3-(malonoyl)-glucoside-5-glucoside or cyanidin 3-(6′′-malonoyl-laminaribioside) on the basis of MALDI-TOF-MS was confirmed to be malvidin-3-(6′′acetoyl)glucoside on the basis of MS 2 fragments at m/z 535 representing malvidin-3-(6′′-acetoyl)glucoside-5-glucoside and precluded the presence of either the acetyl or malonyl derivative of cyaniding glucosides. The peak at m/z 817 [M] + and its MS 2 fragment at m/z 655 [M-glucose] + suggested cyanidin 3-(sinapoyl)glucoside-5-glucoside [34] . The peak at m/z 332 [M] + and daughter fragments peak at m/z 170 (corresponds to gallic acid) confirm the presence of galloyl-glucose ester. The MS/MS analyses support the data obtained by MALDI-TOF-MS, which showed the presence of other flavonoids like dihydromyricetin, myricetin and their sugar derivatives ( Figure S9 to S26 show MS 2 fragmentation in supplementary information).
Experimental

Chemicals, materials, and extracts:
Fruits of E. jambolana were collected in July 2013 from plants cultivated in NIPER campus and were authenticated by Dr A.S. Sandhu (Department of Natural Products, NIPER, S.A.S. Nagar). The standards of anthocyanins (delphinidin-3,5-diglucoside, petunidin-3,5-diglucoside, malvidin-3,5-diglucoside, cyanidin-3,5-diglucoside and peonidin-3,5diglucoside) were isolated using semi-preparative HPLC and characterized by mass and NMR spectral data and were found to be more than 95% pure by HPLC. Anthocyanidin-enriched extract was prepared by acidic hydrolysis of anthocyanin-enriched extract and characterized from NMR and mass spectral data, and peak spiking using HPLC [20] . Fresh jamun fruit (5000 g) was used for preparation of extract. The pulp was filtered through a sieve and stored at -20°C. The remaining pulp (1250 g) was exhaustively extracted in 3 batches with acidified (0.05 % HCl) aqueous methanol (80% methanol) using an ultra sonicator. This process was repeated 3 times to ensure complete extraction. The filtered juice and aqueous methanolic extract were combined and the solvent evaporated in a rotavapor at 35°C resulting in concentrated thick mass (76 g). This was suspended in water and successively liquid-liquid partitioned with n-hexane, chloroform, ethyl acetate, n-butanol and aqueous methanol ( Table 4 ). Essential oil (0.1 mL) was obtained from pulp of unripe fruits (50 g) using a Clevenger apparatus.
Stearic acid (>95%), oleic acid (>97 %), and linoleic acid (>95%) were purchased from Sigma-Aldrich, kaempferol (>97 %), quercetin (>98%), gallic acid (>95%), p-hydroxy benzoic acid (>95%) and DL-malic acid (>97%) from Sigma, dodecanoic acid (98%) and D(-)-fructose (99%) from Aldrich, raffinose (>97%), sucrose (>97%) and D(+)-mannose (>98%) from Alfa aesar, and D(+)-glucose (98.5%) from Rankem. Formic acid (≥85%) was obtained from Merck and methanol-d 4 (99.8%-D) and chloroform-d 3 (99.9%-D) from Sigma, while D 2 O-d 2 (99.9%-D) was from Aldrich. Acetonitrile (Baker HPLC Reagent) used as an HPLC solvent and Ultrapure water (LaboStar ultrapure water systems, Germany) was prepared in house and used in chromatographic analysis. Protocatechuic acid and phloroglucinolaldehyde were available in our lab from previous work. 
GC-MS analysis:
Volatile oil (0.1 mL) was dissolved in DCM to make up to 1 mL. Three µL of solution was injected into the GC-MS for qualitative analysis of the volatile oil. GC-MS analysis was performed on GC-MS Thermo-USA equipment. Compounds were separated on a DB-5 (30 x 0.25mm x 1.0µm) 'Agilent' capillary column (5% Diphenyl, 95% dimethylpolysiloxane). Oven temperature was automated as follows: initial column temperature was isotherm at 50ºC for 1 min, then increased to 280ºC at the rate of 8ºC/min. Analysis of sample was performed in the electron ionization (EI) mode at 70 eV. Helium was used as carrier gas at a flow rate of 1 mL/min. The total run time for GC was 40 min. PolarisQ mass software was used for analysis. The individual components were keyed out by comparing their mass spectra with those of known compounds stored in the spectral database, NIST. LC-PDA-MS: LC-PDA-MS analyses of the aqueous methanolic extract were performed using a Thermo Scientific, Germany, LTQ-XL instrument equipped with Xcalibur software. The column conditions of the HPLC system described above were used. Samples (20 mg/mL) in acidic methanol (0.05 % HCl in MeOH) were used for analysis of metabolites. Injection volume was 10 µL and flow rate 1.0 mL/min. The instrument was operated under the following conditions: capillary voltage 18 V, spray voltage 5 kV, tube lens offset 150 V, capillary temperature 245°C, sheath gas (nitrogen) flow rate 60 mL/min arbitrary units, spray current 0.12, and Aux gas flow rate 18 mL/min. Data were acquired in the MS 1 scanning modes with scan ranges of 100-1000 m/z, the maximum injection time was 50 ms, and the number of microscans was 3. Identification of HPLC peaks and compounds was established on the measured reference spectra of anthocyanins, anthocyanidins, polyphenols and on fragmentation patterns identified in the literature [2, [11] [12] [13] 32] .
HPLC
MALDI-TOF-MS:
MALDI-TOF-MS analysis was performed using a Bruker Ultraflex MALDI-TOF (Bruker Daltonics, Germany) equipped with a N 2 -laser. Sodium chloride and 2, 5dihydroxybenzoic acid were used as the matrix. An aqueous solution of sodium chloride (1.0 μL, 0.1 M) was added to the sample solution (1.0 mL) followed by addition of an equal volume of methanol solution of 2, 5-dihydroxybenzoic acid (10 mg/mL). One μL aliquot of mixture was applied to the platinum array probe and allowed to air-dry. Analytes were ionized using a 3 ns nitrogen laser pulse (λ=337 nm, 50 Hz) and accelerated under 20 kV using delayed extraction before entering the time-of-flight mass spectrometer. All spectra were recorded with a detector voltage of 2.9 kV and are the average result of 100 laser shots.
ESI-MS/MS analysis:
ESI-MS/MS analysis of the aqueousmethanolic extract was made for further confirmation of metabolites identified by MALDI-TOF-MS. The aqueous-methanolic extract was solubilized in methanol and submitted to positive ESI-MS investigation, recorded in a 3D ion trap Thermo LCQ (Arcade, New York, USA). Nitrogen was used as a nebulizing and desolvation gas. Offline analyses were executed by direct injection of sample into the API-ESI-MS source. Meanwhile, capillary and cone voltages were set at 10.58 kV and 50 V, respectively. Other conditions include spray voltage and spray current set at 4.03 kV and 5.22 µA respectively. Ultra-pure argon was used as a collision gas for collision-induced dissociation (CID). Collision energy was varied between 18 and 22 eV. A scan time of 0.5 s with a m/z range of 100−1000 was used to obtain the product ions mass spectra. The software used for data acquisition and processing was Xcalibur software.
Supplementary data: Supplementary data associated with this article can be found in the online version.
